A novel inorganic-organic composite coagulant, poly-ferric-magnesium (PFM) polydimethyldiallylammonium chloride (PDMDAAC), was prepared using FeSO 4 , MgSO 4 and PDMDAAC as raw materials and was introduced to treat landfill leachate. The coagulation performance of the new reagent was evaluated and compared with those of other coagulants. The new reagent was characterized in terms of the analysis of ferron-timed spectroscopy, X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). The coagulation mechanism was investigated by measuring the ζ-potential reduction and chemical oxygen demand removal at different dosages. Coagulation experiments revealed that the new reagent exhibited better coagulation performance compared with the simple PFM and the PFM þ PDMDAAC. Ferron-timed spectroscopy showed that the new reagent exhibited increased effective polymer species concentration. XRD and FTIR spectroscopy showed that the new reagent was not a simple mechanical mixing of PFM and PDMDAAC, but a composite system with inorganic-organic complex interpenetration networks. The predominant coagulation mechanism of the new reagent was charge neutralization at low dosages, as well as adsorption bridging and co-precipitation netting at high dosages, when treating landfill leachate.
INTRODUCTION
In recent years, the yield of municipal solid waste has rapidly increased with urbanization and economic development in China. Sanitary landfill is the most common technique for the management of municipal solid waste due to its low cost and simple operation. One of the greatest environmental problems associated with solid waste disposal in landfills is leachate generation (Bilgili et al. ) .
Landfill leachate is a very heavily polluted wastewater and is characterized by high concentrations of toxic and carcinogenic chemicals, which should be safely collected and efficiently treated in order to eliminate the potential for pollution of ground water and surface water. In practice, its disposal continues to be a thorny problem and is one of the most necessary tasks in refuse landfill management (Tatsi & Zouboulis ) . Biological degradation is the most prevalent technology used for the treatment of landfill leachate and is often used as a preferred process due its low cost ( Jiang et al. ; Ying et al. ) . However, biological degradation alone cannot treat landfill leachate efficiently, and the effluent does not always meet the national discharge standards (Zouboulis et al. ; He et al. ) . In addition, during operation of landfills, the chemical oxygen demand (COD) value and ammonium nitrogen concentration increase and the biodegradability of organic pollutants decreases, which would lead to the combination with other technologies for the treatment of landfill leachate (Kargi & Pamukoglu ) .
Coagulation is a core environmental protection technology that has a wide range of applications in wastewater treatment projects. When combined with other appropriate technologies, coagulation is a viable option for the treatment of various types of wastewater including landfill leachate.
For example, this method has been used in the pre or post treatment of landfill leachate to enhance the biodegradability of the leachate or to remove residual recalcitrant matter (Amokrane et al. ; Aziz et al. ) . Increasing the performance of the coagulation stage seems to be a key factor in enhancing the overall leachate treatment efficiency (Ntampou et al. ) .
Coagulation efficiency is fundamentally determined by the individual properties of the coagulant used (Tatsi et al. ) .
Inorganic polymeric coagulants (IPFs), including poly-ferric sulfate (PFS), poly-ferric chloride and poly-aluminum chloride, are widely applied as reagents in water or wastewater facilities (Ghafar et al. ) . Currently, many studies are being con- formance is manifested in a wider working pH range and the lower dosage required, although its high cost limits its application in practical projects. Therefore, in order to overcome the aforementioned difficulties and achieve better coagulation efficiency, researchers recently focused on the preparation of composite inorganic-organic coagulants by combining a metal coagulant with an organic polymer so as to fully utilize their superior properties and overcome the defects of the individual components (Wei et al. a, b; Chen et al. ) .
In this study, a novel inorganic-organic composite flocculants, poly-ferric-magnesium (PFM) PDMDAAC was prepared and used to treat landfill leachate. The purpose of this work was to optimize the preparation technology and evaluate the coagulation performance in treating landfill leachate based on a comparison with other coagulants.
The new reagent was subsequently characterized in terms of ferron-timed spectroscopy, X-ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy. The destabilization mechanism was determined by measuring the ζ potential of the flocs produced in situ.
EXPERIMENTAL PROCEDURES Preparation of PFM-PDMDAAC coagulant
The PFM used in this study was prepared in our laboratory.
The preparation of PFM products with four Mg/Fe molar ratios, i.e. 1/5, 1/4, 1/3 and 1/2 were initially accomplished, using one r OH/(Fe þ Mg) molar ratio (0.3). The procedure for the preparation of the PFM coagulant was recently described (Liu et al. ) .
The PFM-PDMDAAC composite coagulants with different PDMDAAC/PFM weight ratios were prepared by adding a measured amount of PDADMAC into the PFM solution and stirring thoroughly until it was completely mixed with the solution. The composite coagulants were subsequently allowed to age for 24 h at room temperature.
All reagents used for the preparation of PFM products were analytically pure chemicals and all solutions used for synthesis of the coagulant were prepared with deionized water. PDMDAAC (40% (w/w) aqueous solution) was provided by Shang Hai Botai Chemical Co., Shanghai, China.
Its intrinsic viscosity was 1.5 dL/g, which is proportional to the molecular weight of PDMDAAC. 
Coagulation test
Coagulation experiments were conducted by jar test in a sixgang stirrer. Briefly, 1,000 mL of wastewater were added with the chosen amount of coagulant, after which the test was conducted by rapid mixing of the solution for 1 min at 300 rpm Distilled water served as a reference, UV 254 values were read using an ultraviolet spectrophotometer (model UV-2450). The pH was measured by using a pH meter (model PHS-3C). The chemical reagents used in this study were all analytical grade. All samples were analyzed at room temperature and the results were based on triplicate analysis.
Measurement of the degree of iron polymerization
The degree of iron polymerization was measured by the ferron-timed spectroscopy method using an ultraviolet spec- 
Structure analysis of PFM
PFM, PDMDAAC and PFM-PDMDAAC coagulants were analyzed by FTIR spectroscopy using a FTIR spectrophotometer (model Tensor27). Briefly, small aliquots were taken from the freeze-dried coagulants and mixed with KBr (5% of the mixture), which resulted in formation of a pellet that was suitable for FTIR analysis. FTIR spectroscopy showed that the spectra were in the range 4,000-400 cm À1 .
The PFM and PFM-PDMDAAC coagulants were analyzed by XRD using an X-ray diffractometer (model D/Max-RC)
to determine the crystalline phases in the solid coagulants PFM weight ratio is 0.10 when treating the landfill leachate.
At the PDMDAAC/PFM weight ratio of 0.10, the dosage from 1.2 to 1.5 g/L would be adequate in the experimental set up and could be properly adjusted according to the wastewater quality in practical engineering.
Comparison with other coagulants
The traditional method of applying organic-inorganic coagulants is to add two kinds of reagents into the wastewater separately and the organic coagulant is often added some time after the metal coagulant. As part of our study, three coagulants -PFM, PFM-PDMDAAC and PFM þ PDMDAAC -used to treat landfill leachate and the results were shown in Figure 3 ; in the PFM þ PDMDAAC treatment, PFM was added at the start of rapid mixing period and followed by PDMDAAC after 1 min, then the rapid mixing continued for an additional 1 min in the coagulation process. The Mg/Fe molar ratio was 1/3 in all three coagulants and the PDMDAAC/PFM weight ratio was 0.10 in both PFM-PDMDAAC and PFM þ PDMDAAC.
As shown in Figure 3 , the coagulation performance of PFM-PDMDAAC was better than that of the PFM þ This also verified that the new reagent can give full play to the respective advantages of the PFM and PDMDAAC and produce a clear synergistic effect on the coagulation performance. Another shortcoming of the PFM þ PDMDAAC is that two reagent addition systems are required in the coagulation process. However, the new PFM-PDMDAAC reagent can be added to the wastewater to be treated in one step. Nevertheless, the PFM þ PDMDAAC exhibited better coagulation performance than PFM.
Removal efficiencies of BOD 5 , UV 254 and color
The organic matter in the landfill leachate is not only measured as COD, but also BOD 5 , UV 254 and color. PFM-PDMDAAC was prepared with a PDMDAAC/PFM weight ratio of 0.10 and Mg/Fe molar ratio of 1/3 and was used to treat landfill leachate at different dosages and the BOD 5 , UV 254 and color of the treated supernatants were determined.
It can be seen from Figure 4 that the removal of BOD 5 , UV 254 and color all increased at first and then slowly declined with the dosage, with the peak removals 48%, 76.7% and 79%, respectively, at the dosage of 1.2 g/L. Good coagulation performances could be obtained at a wide range of dosage from 0.9 to 1.5 g/L, with the removal of BOD 5 , UV 254 and color reaching up to 46%, 73% and 72%, respectively. The experimental phenomena here were similar to those in COD removal efficiencies with different dosage. Doubtless, a wide optimum range of dosage would facilitate the required coagulation efficiencies as it is not easy to control the appropriate dose at engineering sites. In addition, the BOD 5 /COD value variations of the leachate after coagulation were investigated. Before coagulation, the BOD 5 /COD value was 0.28.
After coagulation, obvious improvements in the biodegradability characteristics of the landfill leachate were observed.
The BOD 5 /COD value was found to increase greatly and reached up to 0.45 in the optimum dosage range of 0.9-1.5 g/L. This efficiently improved the feasibility and efficiency of later biological degradation.
Fe(III) species distribution
Fe ( Structure analysis
XRD analysis
The XRD spectra of PFM and the new reagent are shown in on the above analysis, some reactions between the PFM and PDMDAAC took place, which resulted in the formation of new substances with better coagulation performance.
FTIR spectroscopy
FIIR spectra of PFM, PDMDAAC and PFM-PDMDAAC are shown in Figure 7 . The spectrum of the new reagent was similar to that of PFM but not the complete combination of PFM and PDMDAAC spectra. The new reagent exhibited a characteristic peak at around 1,398 cm À1 , which can be attributed to the -CH 2 -adsorption from PDMDAAC.
However, an obvious blue shift occurred in this adsorption peak compared with the PDMDAAC spectrum. Observing the spectra of PFM and the new reagent, it can be seen that the characteristics peak at around 2,375 cm 
Coagulation mechanism
It is commonly believed that there are four reaction mechanisms involved in coagulation: compression twin electrical The COD removal rate initially increased to the peak value and then remained relatively steady with the 
